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2Abstract
The present investigation deals with how minor elements (their oxides: MgO, Na2O and SO3) in 
industrial kiln feeds affect (i) chemical reactions upon clinkering, (ii) resulting phase composition 
and microstructure of clinker, (iii) hydration process during cement production.
Our results show that all these points are remarkably sensitive to the combination and interference 
effects between the minor chemical species mentioned above.
Upon clinkering, all the industrial raw meals here used exhibit the same formation temperature and 
amount of liquid phase. Minor elements are preferentially hosted by secondary phases, such as 
periclase. Conversely, the growth rate of the main clinker phases (alite and belite) is significantly 
affected by the nature and combination of minor oxides. MgO and Na2O give a very fast C3S 
formation rate at T > 1450 K, whereas Na2O and SO3 boost C2S.
After heating, if SO3 occurs in combination with MgO and/or Na2O, it does not inihibit the C3S 
crystallisation as expected. Rather, it promotes the stabilisation of M1-C3S, thus indirectly influencing 
the aluminate content, too. MgO increseases the C3S amount and promotes the stabilisation of M3-
C3S, when it is in combination with Na2O. Na2O seems to be mainly hosted by calcium aluminate 
structure, but it does not induce the stabilisation of the orhtorhombic polymorph, as supposed to 
occur. Such features play a key role in predicting the physical-mechanical performance of a final 
cement (i.e. rate of hydration and hardening) when used as a bulding material.
Keywords: minor elements; clinker; cement; hydration; polymorphism.
31. Introduction
OPC industry is known to be very energy-consuming and air-polluting because a huge consumption 
of natural resources and a high input of energy due to the thermal treatment up to 1700 K are usually 
needed. The sintering of 1000 kg of clinker requires 850000 kcal, 1700 kg of raw materials and emits 
850 kg of pollutants, mainly carbon dioxide (CO2) [1,2].
Recently, an attractive approach to save energy is provided by the use of alternative materials, such 
as industrial wastes (i.e. blast-furnace slags or other industrial by products) that can be introduced as 
components of the kiln feed, partially substituting the standard clinker raw meal components. Wastes 
are highly appreciated because they decrease the clinkering temperature and accelerate the sintering 
reactions [3].
Although the recycle of these materials has become a common practice in cement industry, cautions 
must be taken because they can contain elements that, even at low concentration, remarkably affect 
the sintering process [4]. Minor elements can (i) enter the structure of the clinker phases forming 
different solid solutions (C3Sss, C2Sss, C3Ass, C4AFss where “ss” refers to solid solution) thereby 
affecting their polymorphic relationships or (ii) lead to the growth of unconventional phases (e.g. Zn-
rich wastes lead to the crystallization of a new phase identified as Ca6Zn3Al4O15 in clinker) [5]. Minor 
elements induce severe effects on the grindability and hydration of the cement paste. For instance, 
the combined occurrence, even in trace, of Cu and Sn in the kiln feed causes a delay of the cement 
hydration, thus decreasing its early compressive strength [4].
SO3, MgO and Na2O are the most frequently existing minor components in industrial clinkers. The 
influence of individual ions/species has been broadly discussed. Several authors reported the 
influence of MgO on the clinker phase composition and microstructure [6 and references therein 
reported, 7,8,9,10], whereas the effects of SO3 or Na2O were investigated by [11,12,13,14]. 
On the contrary, the impact of combined foreign ions/species on the clinker formation and reactivity 
is still modestly explored [7,8,15,16,17,18,19]. All these studies investigated clinkers prepared from 
an appropriate mixture of analytical grade raw materials, and proved that the final clinker reactivity 
is difficult to be predicted because it depends on the mutual interaction of the different ions/species 
[6,20,21].
Even fewer studies have been published on the effects of combined ions/species in clinkers prepared 
from industrial kiln feeds and industrial-grade raw materials (limestone, clay and oxides) [22,23]. No 
research, to our knowledge, has been devoted to investigate the influence of the triplet MgO-SO3-
Na2O on clinker burning and final reactivity.
In the light, in present research we aim to investigate how the simultaneous occurrence of two of 
these foreign oxides in industrial kiln feeds influences (i) the clinkering reactions, (ii) the 
4mineralogical properties (i.e. polymorphism and microstructures) of the final clinker and (iii) the 
reactivity and hydration of the resulting cements.
This study was carried out on four raw meals: a reference mixture (Mix_00) with a composition close 
to the one of the standard OPC clinker; three other mixtures, prepared by mixing Mix_00 with a 
combination of two dopants (i.e. MgO and Na2O, Na2O and SO3, MgO and SO3 respectively).
In this light, for the first time, the use of in situ high temperature X-ray powder diffraction (HT-
XRPD) allows one to follow the solid state reactions, liquid phase appearance, polymorphic 
transformations that occur during clinker formation. This technique is widely used in materials 
science [24,25], whereas a few researches report in situ studies for cements [26,27,28]. By combing 
the in situ HT-XRPD with Rietveld method we obtained an accurate phase analysis as a function of 
temperature. 
Furthermore, burnability tests were performed on the four selected raw meals. The obtained clinkers 
were investigated by means of ex situ XRPD and Rietveld Quantitative Phase Analysis (RQPA) was 
carried to determine their phase composition. The distribution of dopants in the crystal structures of 
the main phases was determined by means of an Electron Probe Micro-Analyser. Scanning Electron 
Microscopy (SEM) was used to investigate the microstructures occurring in the final clinker. 
Finally, the use of isothermal conduction calorimetry measurements was performed to correlate the 
phase assemblage, polymorphism and microstructure with the hydration behaviour of the obtained 
clinkers.
2. Sample preparation
An industrial raw meal (Mix_00) with Lime Saturation Factor (LSF), Silica Modulus (SM) and 
Alumina Modulus (AM) values at 94.75, 2.62 and 1.69 respectively (Table 1), was used. Moreover, 
Natural dehydrate calcium sulphate (“Lages” calcium sulfate BNR), and certified chemical 
compounds, magnesium and sodium carbonates (Carlo Erba Reagents), were added to the industrial 
raw meal to produce three extra mixes (Mix_MN, Mix_NS and Mix_MS) with different Na2O, SO3 
and MgO, Table 1.
Mix_00 has a composition close to that of an average Ordinary Portland Cement (OPC) clinker, 
whereas Mix_MN, Mix_NS and Mix_MS refer to raw meals doped with MgO + Na2O, Na2O + SO3 
and MgO + SO3, respectively. Once prepared, they were homogenized in an automatic shaker for 120 
min; all the used materials were powders with a grain size below 80 µm in order to guarantee the 
optimal reactivity during the burning process.
3. Experimental
53.1 In situ High Temperature and ex-situ X-ray Powder Diffraction (XRPD)
In-situ HT-XRPD measurements were performed by means of a Philips X’Pert diffractometer, in ϑ- 
ϑ Bragg-Brentano geometry, equipped with the AHT-PAP1600 furnace operating at a maximum 
temperature of 1700°C. The diffractometer is equipped with Cu-Kα radiation with a secondary 
monochromator with a sealed proportional counter detector.
Data were recorded from room temperature (RT) to 1700 K, every 50 K with a heating rate of 30°/min. 
At 1700 K the samples were maintained for 45 minutes to achieve full clinkerization. The patterns 
were collected in the angular range of 5-70° (2ϑ), with a 0.03° of step size and a counting time of 0.8 
s/step. These conditions allowed a quick data collection, in order to reduce the time spent on 
isothermal conditions but, at the same time, to preserve a counting statistics for a reliable RQPA.
Ex-situ XRPD experiments allowed one to investigate the clinker mineralogy and polymorphs 
assemblage in clinker after burning test. Data collections were carried out by an X’Pert PRO 
Diffractometer (PANalytical), in ϑ-2ϑ Bragg-Brentano geometry, equipped with an X’Celerator 
LPS detector. The 5–70° 2ϑ angular range has been investigated using Cu-Kα radiation, 40 kV 
current tension, 40 mA current intensity, 0.02° step size and an equivalent counting time of 50 s/step 
referred to a standard detector.
A preliminary phase identification on in-situ and ex-situ patterns was performed by means of 
PANalytical X’Pert High Score Plus 2.1.2 software, referring to ICDD database. The RQPA was 
obtained by the use of TOPAS-Academic 5.1 software [29]. Table 2 shows the structural descriptions 
for crystalline phases used during Rietveld refinement.
3.2 Burnability Test
5 g of each raw mixture were pressed under 4 kN into pellets, which were then fired in a vertical tube 
furnace (RHF 16/35 Carbolite).
Before entering the furnace, the pellets were placed in sealed platinum crucibles in order to prevent 
the loss of volatile elements during the firing process and successively calcined at 1200 K for 30 min. 
Clinkering was performed by heating the pre-calcined pellets at 1700 K for 45 min, cooling them 
down to 1600 K and finally quenching them to room temperature with a pressurized air flow. The 
obtained clinkers are hereafter addressed to as Clinker_x where x refers to the minor elements used 
as dopants (i.e. x = 00, MN, NS and MS, respectively).
3.3 Electron Probe Micro-Analyser
The main clinker phases were examined using an electron probe micro-analyzer (EPMA, Jeol 8600) 
(Model JEOL 8600) with an accelerating voltage of 15 keV, a beam current of 10 nA and an electron 
6probe spot size of 1µm. All phases were analysed for Si, Al, Fe, Ca, Mg, S, Na, K, Ti, Cr, Mn and Sr 
using silicate and oxide standards and using ZAF correction. C2S and C3S were identified according 
to the SiO2 content and CaO/SiO2 weight ratio. Spot analyses on C4AF departed remarkably from 
stoichiometry and were discarded because of crystals lacking size sufficient for reliable analyses 
(average size  1m).
Statistical analysis of the individual spot compositions was performed by calculating the correlation 
matrix from the spot analysis sets of alite and belite, using the Pearson-product-moment correlation.
3.4 Scanning Electron Microscopy
Small pieces of pellets of some clinkers were mounted in epoxy resins and were progressively 
diamond polished down to 3 μm. Finally, a mechanical etching with 0.3 μm alumina paste was applied 
in order to create contrast among different phases.
Polished sections of the clinker obtained after burnability test were investigated by means of a Zeiss 
EVO MA15 scanning electron microscope (SEM, Zeiss EVO MA15), operating with an acceleration 
current of 15 kV, a beam size of 100 nm and a working distance of 11 mm; the image resolution is 
1024 x 730 pixels. Attention was paid to the clinker microstructures, such as the grain size, shape of 
silicate and aluminate phases.
3.5 Heat-Flow Calorimetric Analysis 
For the calorimetric study, cements were prepared by mixing industrial gypsum to the selected 
clinkers to attain the same SO3 value (~3.20 wt%).
The obtained pastes (2 g of cement with a cement to water ratio of 0.4) were equilibrated to 
temperature, mixed by hand for 2 min in a plastic beaker, and then transferred to the heat-flow 
calorimeter for 24 hours at 20 °C using a TAM Air instrument. Each experiment was repeated 3-4 
times to verify reproducibility, and the results here shown are the average values of the measurements 
on such sets. The obtained cements are hereafter labelled as Cement_x where x refers to the minor 
elements used as dopants (i.e. x = 00, MN, NS and MS, respectively).
4. Results
4.1 In-situ High Temperature X-Ray Powder Diffraction Analysis (In situ HT-XRPD)
HT-XRPD patterns allow one to obtain an insight of the main reactions taking place during clinkering 
and follow the polymorphic transformations of the clinker phases. Fig. 1 shows a selected range of 
7XRPD patterns collected during in situ HT-XRPD experiments for Mix_NS as an example. Fig. 2 
shows a representative example of the Rietveld plots of the in-situ study.
At T  < 1200 K all samples contain α’LC2S, CaO, SiO2 and anorthite, but dissimilarities occur in the 
phases weight fractions (i.e. CaO is ~36 wt% in Mix_00 and ~75 wt% in Mix_MS). Periclase, 
anhydrite and natrite (Na2CO3) appear as minor phases, but in Mix_00.
At T > 1200 K, the phase composition as a function of temperature is reported in Fig. 3, where the 
liquid component was indirectly determined from the highest C3A and C4AF wt% values just before 
their melting [28].
A linear regression was used to model the relationship between the calcium silicate phase amounts 
and the different firing temperatures (Tf). In Table 3 the slope values (expressed as the angular 
coefficient m of the trend line) for the main silicate phases (mx where x is C2S, CaO and C3S 
respectively) as a function of Tf are reported. These slopes can be directly compared with each other 
because the heating rates and the isothermal stage durations were the same for all the data collections.
An inspection of Fig. 3 and Table 3 suggests to divide the sequence of clinkering into three different 
steps:
step I (temperature range 1200-1400 K): a solid state reaction region before the appearance of C3S, 
where CaO reacts with the alumina or silicate phases to form C2S, C4AF and C3A.
The phase assemblage of Mix_00 and Mix_MN consists of free lime, C2S, C4AF and C3A associated 
to small amount of remaining SiO2. Conversely, in Mix_MS and Mix_NS C3A does not appear until 
the mix reaches 1350 K.
In this temperature range the phase transformation of C2S from α’H to α occurs [32].
step II (temperature range 1400-1450 K): a solid state reaction region where C3S develops from a 
solid state reaction between C2S and CaO.
The highest content in this temperature range of C3S is observed in the reference mixture, although it 
appears at a low percentage. The presence of this phase, especially in Mix_MN, is negligible. 
Moreover, the foreign ions induce structural modification of C3A, as expected: in Mix_00 it is cubic, 
in Mix_MN and Mix_NS the orthorhombic form appears whereas the two polymorphs coexist in 
Mix_MS [12,13,44].
step III (temperature range 1450-1700 K): liquid reaction region where C3S grows in presence of a 
liquid phase, as described in [12].
At 1450 K the aluminates melt, as suggested by the appearance of a liquid phase at the same 
temperature in all the samples. The presence of this melt favours the reaction of belite with CaO to 
form alite, even at a faster rate with respect to the reference, especially in Mix_MN and Mix_MS, 
mainly due to its lower viscosity due to the presence of minor elements [45]. In Mix_NS, there is not 
8total consumption of CaO mainly due to the presence of Na2O that substituted calcium in aluminates 
(Table 3). At this point is worthy pointing that the RQPA results of high temperature seems to contain 
artifacts such as slightly increasing amounts of CaO (in Mix_NS at 1550 K) or C2S (in Mix_NS and 
Mix_MN at 1650 K). These artifacts may be indicating that the assumption of constant 
amorphous/melted fraction is not consistent anymore. However, the deviations are small enough to 
follow the effect of minor elements in the clinkering which is the main aim of this work.
In the doped samples, the amount of C3S is higher at lower temperatures with respect to the reference 
sample. However, at 1700 K the C3S content achieves a common value in all the investigated meals, 
i.e. ~80 wt%.
4.2 Ex situ Quantitative X-Ray Powder Diffraction Analysis (Ex situ QXRPD)
Table 4 gives the results of the ex situ RQPA of the clinkers. Fig. 4 shows, as an example, the Rietveld 
plots of Mix_NS.
On the one hand, from Table 4, it is concluded that silicates (alite and belite) have been affected 
mainly by Mg and sulphur, as discussed in previous studies [7,13-16]. In Clinker_MN, an increase in 
the amount of total C3S is observed, jointly with a decrease of C2S content from ~14 wt% in Mix_00 
to ~6 wt%, as expected [8], due to the substitution of Ca by Mg in alite. On the other hand, total alite 
content has decreased in those clinkers with some sulphur in their compositions, i. e. Clinker_MS and 
Clinker_NS, being a greater decrease in the one without magnesium. This was also an expected effect 
as sulphur has an overall positive effect on the crystallization of C2S, as already reported in [7,8,13-
17].
In addition, sulphur and magnesium has also an impact on alite polymorphism. In particular, those 
clinkers with higher amounts of sulphur, presents higher amounts of M1 polymorph [8], while MgO 
(Clinker_MN) lead to the stabilization of M3 C3S (Fig. 5). In the present study the distinction between 
the different polymorphs becomes evident when looking at the angular windows in the XRPD patterns 
as described by [12,30,46].
On the other hand, sulphur tends to cause a decrease of the C3A weight fraction (with respect to the 
standard Clinker_00), Clinker_MS and Clinker_NS. Moreover, C4AF is favoured to crystallize in 
clinker with magnesium and sulphur. 
Further consequences on clinker mineralogy include variations in the polymorphs of the main clinker 
phases (Fig. 5). In particular, MgO and Na2O (Clinker_MN) lead to the stabilisation of M3 C3S and 
to the coexistence of the two polymorphic phases of C3A, of which the orthorhombic one is dominant 
[7,12]. On the contrary, in Clinker_NS C3S prefers M1 with respect to M3 and the cubic phase of C3A 
9is bar far more relevant than the orthorhombic one. Clinker_MS behaves similarly to Clinker_MN, as 
for C3S and to Clinker_NS as for C3A.
4.3 Chemistry of clinker phases by means of EMPA
In Table 5 we show the chemical composition of C3S, C2S and C3A in the suite of the clinkers 
investigated. The reported results are the averages of 20-30 individual spot analyses for each clinker; 
e.s.d.s are between brackets.
On the whole, both calcium silicates and aluminates accommodate nearly all the minor elements 
added to the Mix_00. In Clinker_MN, Mg2+ is mostly incorporated in the C3S structure even if Mg-
rich C2S and C3A/C4AF phases are observed [6]. Na2O is noticeably higher in aluminates, mainly in 
C3A, than elsewhere, but the incorporation of Na+ ions in the C3S crystal lattice also occurs [6,47].
In Clinker_NS sulphur exhibits a preference for belite whereas sodium is mainly incorporated in the 
C3A structure, even if a slight content of Na2O is also revealed in C2S. An increase of Al2O3 and a 
decrease of K2O take place in C3S and C2S structures [6,47].
In Clinker_MS high contents of sulphur are detected in C2S and C3A, whereas magnesium enters both 
C3S and C3A phases. An increase in Al2O3 content is observed in C2S. On the other hand, high 
contents of Al2O3 and SO3 (~ 1.3 and ~ 0.30 wt% respectively) are observed in several C3S crystals 
[6,47].
Fig. 6 shows the partitioning of the minor oxides between alite and belite in different clinkers. MgO 
mostly concentrates in alite, whereas SO3 and Na2O mainly enter belite. FeO and Al2O3 do not exhibit 
an apparent preference, although seem to have a slight penchant for belite.
A statistical analysis on the EMPA results allows one to determine the correlation degree between 
the concentrations of the individual element in the clinker phases (Table 6). In alite, we find inverse 
correlations between MgO-CaO, and between SiO2-Al2O3; a positive correlation holds between 
Al2O3-Fe2O3. In belite, a positive correlation between Al2O3-Fe2O3, and an inverse correlation 
between SiO2-SO3 occur, at variance with what takes place in alite. No correlations were detected in 
C3A crystals.
4.4 Microstructural analysis by means of SEM
In the reference clinker, alite crystals dominate the sample texture, with particle size ranging from 20 
to 30 µm; they have prismatic habit with a slightly rounded hexagonal outline. Belite crystals were 
uniformly dispersed and appear as small roundish grains, having a size of approximately 10-20 µm, 
surrounded by an interstitial matrix (Fig. 7a). 
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In Clinker_MN, alite exhibits a bimodal distribution, where large crystals up to 30 µm with an 
irregular shape are associated to smaller ones (~ 5-10 µm), the latter displaying more regular faceted 
shapes and attributable to M3 polymorph (Fig. 7b). Evidences of C2S and aluminate inclusions within 
the largest C3S crystals, as well as C2S crystals with a complex lamellar structure, are present. The 
silicate crystals appear embedded in an aluminate matrix where C3A and C4AF are finely intergrowth.
In Clinker_NS, M1 C3S crystals are irregular in shape and have the largest size (~ 100-200 µm) among 
all samples. Small and rounded grains of β-C2S with subparallel cracking are observed. Crystals with 
a complex lamellar structure appear as a consequence of the ’ belite stabilisation. All the silicates 
are embedded in an aluminate matrix (Fig. 7c).
Finally, in Clinker_MS, a dense-packed array of idiomorphic C3S crystals (~ 50-100 µm), with 
associated rounded C2S grains, both with a grain size similar to the one observed in Clinker_00, 
occurs. The interstitial matrix differs significantly from that of a conventional clinker owing to a 
higher amount of micrometric C4AF crystals with a dendritic morphology. In addition, the packing 
of the silicate grains is so dense that little interstitial phase can exist between them (Fig. 7d).
4.5 Calorimetric study
A comparison of the hydration behavior was made by calorimetric measurements of the different 
samples and reported in Fig.8. The normalized heat flow curves highlight different behavior towards 
reactivity of the four investigated cements. In particular Cement_NS and _MS, which have a higher 
content in M1 C3S form exhibit as higher heat in the induction period (that is from the contact with 
water up to the starting of the accelerating period) than Cement_00 and _MN. On the other hand, the 
acceleration period starts in shorter time if compared with Cement_00 and _MN (3 h versus 3.5 h 
respectively) with also a more rapid increase in the heat flow. Finally, Cement_MN exhibits a later 
increase of the heat flow after 24 hours.
5. Discussion
A recent review on cement clinker chemistry clarifies the influence of minor and trace elements on 
clinker formation [6,48] and the conclusions are summarised in Fig. 9. MgO favours the growth of 
M3 alite at the expenses of belite, whereas no variation in the interstitial phase amount occurs. In 
contrast, an increase of the Na2O amount facilitates the growth of belite and affects the relationships 
between polymorphs, stabilizing M1 C3S and the orthorhombic C3A [12]. SO3 boosts the content of 
belite and ferrite at the expenses of alite and C3A, promotes the occurrence of the M1 C3S and lowers 
the temperature of the liquid phase formation [13].
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Note that in the present discussion, the notation C3S and C2S is used for pure calcium silicate phases 
(i.e. alite and belite); when discussing the effects of the incorporation of foreign ions in the alite and 
belite structures (i.e. solid solution) we refer to C3Sss and C2Sss respectively. 
The HT-XRPD results highlight that foreign ions do not have an impact on the first step of the 
clinkerization (Step I of Fig. 3). Each foreign ion is not incorporated into clinker phases, rather it 
favours the growth of a secondary phase. Mg leads to periclase, sodium and sulphur promote natrite 
and anhydrite, respectively. The simultaneous presence of sodium and sulphur does not seem to 
induce the crystallisation of alkaline sulphates (i.e. aphthitalite), as usually reported in literature 
[22,23]. 
In Step II of Fig. 3 natrite and anhydrate dissolve away whereas periclase still remains preserved as a 
crystalline phase. In Mix_MS CaSO4 decomposes at 1450 K and sulphur ions seem to be preferentially 
entrapped into C2Sss, whose content amounts to  57 wt%.
In Mix_NS Na2CO3 acts as flux, reducing the temperature at which CaSO4 melts. SVI ions are thus 
available at 1400 K, thus boosting the C2Sss rate of growth and content (up to  57 wt%) at lower T 
in comparison with Mix_MS.
The sulphur incorporation in the C2Sss crystal structure cannot be a simple isomorphous substitution, 
and it is usually described through a complex replacement involving other chemical species [6,12,47]. 
In particular, the substitution of SiIV with SVI is facilitated by a concomitant Al3+ substitution on the 
same site (i.e. 3 SiIV   SVI + 2 Al3+), as confirmed by a sulphate concentration in C2Sss crystals larger 
than that in alite. These substitutions decrease the content of Al2O3, thus leading to a reduction of 
C3A. C3A growths when starts the C2Sss decomposition, which makes aluminium available for belite 
formation. The unit cell value of -C2Sss gives an idea of the degree of inclusion of foreign elements 
in its structure [49]. The published unit cell volume of stoichiometric belite is 345.8 Å3 [32] while in 
Clinker_MS and Clinker_NS C2Sss shows expanded unit cells of 348.7 Å3 and 348.8 Å3, respectively, 
as a consequence of the inclusion of sulphur and aluminium in the structure. Na+ ions are 
preferentially incorporated into the aluminates, causing a stabilisation of the orthorhombic polymorph 
of C3A in Mix_MN and Mix_NS, respectively.
In Step II C3S appears through a solid state reaction between C2Sss and CaO but the foreign ions do 
not influence its growth as one would expect. In particular, the lowest contents of C3Sss are observed 
in Mix_MN, where Mg2+ ions concentrate in periclase and cannot contribute to alite growth.
With increasing firing temperature (Step III of Fig. 3), all foreign ions dissolve in the melt and have 
a strong impact on the physical properties of the liquid phase but, in these experimental conditions, 
foreign ions affect neither its temperature of first appearance nor amount, as usually expected in the 
presence of MgO and SO3 [7,16,17,50,51]. These latter species presumably cause a decrease of 
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viscosity and enhance the wettability of the liquid phase, thus accelerating the rate of growth of alite. 
In the doped mixtures mx of alite has higher values than in the reference (i.e. mx ~ 0.39 vs ~ 0.50 in 
Mix_00 and Mix_MN, respectively), resulting in high contents of C3Sss in Mix_MN due to the 
incorporation of Mg2+ ions into its structure. It is apparent the stabilisation effect of SO3 on belite at 
the expenses of C3Sss, as shown by a comparison of the alite contents in Mix_MS and Mix_00.
In Mix_NS the high content of CaO at 1700 K might be considered as the result of the C2Sss 
decomposition (Table 3). As previously mention, in this sample the liquid phase is Al-depleted due 
to the incorporation of SVI and Al3+ into the belite structure; this provides a high wettability and low 
viscosity of the liquid phase that can easily interact with the C2Sss crystals, thus favouring their 
decomposition with a consequent release of CaO.
Eventually, the clinkerisation ends up with a fast cooling where the foreign ions presumably 
redistribute among the clinker phases, thus influencing the mineralogy and microstructure of the final 
clinkers as well as their hydration behaviour.
In particular, the ex-situ results confirm that Mg2+ ions, even if in combination with other ions, are 
preferentially incorporated in alite structure. The highest content of small and well faceted M3 C3Sss 
highlighted by XRPD and SEM in Clinker_MN would suggest the occurrence of Mg2+ ions in C3Sss 
crystals. EMPA results confirms that C3S forms solid solution with magnesium that enters alite up to 
~ 1.30 wt%. No relevant change of Al2O3 and SiO2, contents are observed. All this suggests that a 
replacement takes place between magnesium and calcium in the octahedral site of the silicate phases.
In Clinker_MS MgO compensates the negative effect that would exert SO3 on C3Sss formation. Mg2+ 
ions are fully entrapped in alite crystals, favouring the growth and stabilisation of M3 polymorph. 
EMPA results confirm the substitution between Mg2+ and Ca2+ in C3Sss.
The contents of SO3 and Al2O3 exhibited by several C3Sss crystals suggest that two additional 
substitutions can occur:
(i) the replacement of SiIV with SVI and Al3+, as already described for C2Sss crystals; 
(ii) a partial substitution of silicon with aluminium in the tetrahedral crystal site and a simultaneous 
removal of Na+ or K+ ions, probably located into the interstitial lattice sites according to the reaction 
2 K+ + SiIV  2 Al3+. The K2O and Al2O3 contents highlighted during EMPA analyses confirm this 
latter hypothesis.
The presence of Al3+ and SVI might be responsible for the stabilisation of M1 C3Sss. Therefore, we 
can assert that the combined presence of MgO and SO3 seems to be the driving factor for the 
stabilization of the alite M1 polymorph. In particular, a low value of MgO/SO3 encourages the 
stabilization of the structural modification M1 [52]. 
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In Clinker_MS and _NS it is confirmed the key role of sulphur on C2Sss growth. As reported in 
literature, the crystallisation of high amounts of large crystals of belite and the stabilisation of the 
beta polymorph is encouraged in the presence of SO3 [7,8,16,48].
Furthermore, it seems that the combined presence of dopants strong impacts onto the interstitial phase 
formation. In particular, the effects of two dopants on the aluminate crystallisation could not be 
predicted by considering the effects of each single dopant. In the presence of Na2O and SO3, the high 
contents of Al2O3 entrapped into calcium silicates result in a general reduction of the Al2O3 amount 
in the liquid phase, leading to a reduction of C3A content in the final clinker. Na+ ions are entrapped 
into the calcium aluminate structure but do not induce the stabilization of the orthorhombic 
polymorph, as one would have expected.
The simultaneous presence of SO3 and MgO reduces the phase content of C3A but increases the one 
of C4AF. The stability range of C3A in the phase diagram CaO-SiO2-Al2O3-Fe2O3 is reduced and the 
peritectic reaction L + C3S C2S + C3A does not occur whereas L + C2S  C3S + C4AF seems to 
be promoted, thus leading to high content of ferrite phase at the expenses of C3A [53]. 
Finally, the calorimetry results remark that predicting the reactivity towards hydration on cements 
relying on a single microstructural feature (i.e. mineralogy, polymorphism or microstructure) and/or 
dopant contents (minor oxides contents in the crystalline phases) is a difficult task. Rather we might 
suppose that the effects of each single feature do not sum additively but interact among them making 
thus impossible to determine unequivocally the overall cement reactivity towards hydration. As a 
whole, a higher reactivity towards hydration in Cements_NS and _MS is highlighted by a shorter 
induction period with respect to Cement_MN and _00, suggesting that the presence of M1 C3Sss might 
shorten and speed up the acceleration period. This increase in reactivity may also be related to the 
higher strengths of M1 containing cements observed by other authors [53]. On the other hand, we 
cannot exclude that the larger crystal size of calcium silicates highlighted by SEM investigations as 
well as the presence of alkali sulphate detected by means of ex situ XRPD in Clinkers_NS and _MS 
have also a key role on the overall hydration [13-19]. Again, it seems that the setting regulator 
dissolution is affected by the presence of alkali sulphate, leading to a modification of the pore solution 
composition, which is a fundamental factor in regulating the start of the acceleration period. On the 
contrary, in Clinker_MN and _00 the high contents of M3 C3Sss with a smaller crystal size as well as 
the absence of alkaline phases promote the heat release from the contact with water up to the starting 
of the acceleration period, resulting in a higher heat release during the induction period only. 
6. Conclusions
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The clinkering reactions of four selected raw meals containing a combination of two minor elements 
have been investigated by means of in situ and ex situ XRPD and imagining techniques. The research 
aim is to clarify the effects of MgO-Na2O, Na2O-SO3, SO3-MgO on the clinkering process in terms 
of final clinker mineralogical, microstructural and hydration properties. Our results show that minor 
species:
 do not influence the temperature of appearance and amount of the liquid phase, as usually 
reported to occur in presence of MgO and/or SO3;
 promote the rate of growth for C2Sss during solid state reaction (step I and II of Fig. 3) as well 
as improve the growth rate for C2Sss and CaO in presence of a liquid phase (step III of Fig. 3);
 reduce the C3Sss formation during solid state reaction (step II of Fig. 3). In the MgO and SO3-
bearing mix the growth of C3Sss in the solid state region is inhibited. On the contrary, it is enhanced 
when the liquid phase appears. The raw meals produced with the addition of MgO result in the most 
rapid C3S formation during the liquid phase region.
 SO3 promotes the stabilization of M1 polymorph of C3Sss independently on the other foreign 
ions.
Moreover:
 SO3 decreases the amount of aluminium ions available for the C3A formation because its 
preferentially incorporation in belite crystals, thus leading to a delay of C3A crystallisation 
temperature. C3A appears when the decomposition of C2Sss starts;
 SO3 and Na2O seem to enhance the burnability of the raw meal during the solid state reaction;
 strongly influence the final clinker reactivity towards hydration which depends on the type of 
C3S polymorph, the calcium silicate grain size and, last but not least, the presence/absence of minor 
sulphate phases. 
As a whole, the present results point out how the effects of the simultaneous presence of several 
dopants cannot be predicted by considering the influence of each minor element alone on the final 
clinker. The system CaO-SiO2-Al2O3-Fe2O3, usually considered for the formation process of cement 
clinker, is remarkably modified when more minor elements simultaneously occur in the starting raw 
meal. In particular, they influence its burnability and the properties of the interstitial liquid, thus 
significantly affecting the polymorph phases’ occurrence, their amounts and microstructures in the 
resulting clinkers as well as in the final hydration behaviour.
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Captions of Figures
Figure 1. Two-dimensional view of a selected range of the in situ HT-XRPD patterns during clinker 
formation collected on heating from 1200 to 1700 K (sample Mix_NS) with main peaks labelled.
Figure 2. Rietveld plot for Mix_NS collected by means of in situ HT-XRPD at 1400 K.
Figure 3. In situ HT-XRPD results (wt.%) for the four investigated raw meals as a function of the 
temperature (only the main crystalline phases are included).
Figure 4. RQPA plot for Mix_NS collected by means of ex situ XRPD. Main peaks of the main clinker 
phases have been labelled.
Figure 5. Weight percentages of the different polymorphs for C3S (M1 and M3 monoclinic 
polymorphs) and C3A (orthorhombic and cubic polymorphs), determined by RQPA.
Figure 6. Minor oxides’ concentrations in alite and belite, as averages from spot analyses, in the 
reference (Mix_00, empty symbols) and the doped clinkers (full symbols).
Figure 7. BSE images of the clinkers after the clinkering: (a) large and idiomorphic C3S crystals 
immersed in a matrix of C3A and C4AF crystals finely intergrowth (Clinker_00); (b) bimodal 
distribution of alite crystals (the smaller and larger ones are labelled as C3SI and C3SII respectively 
in the dotter area) associated with belite and aluminate crystals (Clinker _MN); (c) large and irregular 
in shape crystals of alite (red dotted area) and rounded belite crystals highly fractured surrounded by 
an aluminate matrix where C3A appears in large crystals (Clinker_NS); (d) prismatic alite crystals 
and rounded belite crystals, all surrounded by an aluminate matrix of C4AF (blue dotted area) 
(Clinker_MS).
Figure 8. Normalised heat flow of the selected samples during calorimetric test.
Figure 9. The effects of minor elements on the content and polymorphism of the main clinker phases 
are reported. The dotted line refers to the clinker phase contents in Mix_00 whereas *, ** and *** 
refer to the Mix_00 doped with MgO, Na2O and SO3 separately [6,45].
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Tables
Chemical Compounds / wt% Mixes / wt%
Oxides CaSO4 MgCO3 Na2CO3 Mix_00 Mix_MN Mix_NS Mix_MS
SiO2 - - - 14.21 13.85 14.31 13.70
Al2O3 - - - 3.44 3.30 3.37 3.24
Fe2O3 - - - 2.01 1.92 1.99 1.93
CaO 33.43 42.80 41.13 41.81 40.93
MgO - 43.68 0.77 2.21 0.8 2.17
SO3 47.73 - 0.2 0.20 1.53 1.42
Na2O - - 58.48 0.12 0.45 0.44 0.10
K2O - - - 0.58 0.58 0.55 0.53
SrO - - - 0.11 0.11 0.10 0.10
Mn2O3 - - - 0.05 0.05 0.07 0.06
P2O5 - - - 0.08 0.08 0.08 0.08
TiO2 - - - 0.13 0.13 0.19 0.14
L.o.I. 18.84 56.32 41.52 35.42 36.04 34.87 35.55
Sum 100 100 100 99.92 99.92 99.93 99.95
Table 1. Chemical composition of the industrial raw meal, certified chemical compounds and mixes used in the 
present study.
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Phase References ICSD #
C3S T3(M1) De la Torre et al., 2008 [30] 162744
M3 Nishi et al., 1985 [31] 64759
C2S α’H Mumme et al., 1995 [32] 81097
β Mumme et al., 1995 [32] 81096
C3A cubic Mondal&Jefferey, 1975 [33] 1841
orthorhombic Takeuchi et al., 1980 [34] 100220
C4AF Colville&Geller, 1971 [35] 9197
CaO Natta&Passerini, 1929 [36] 61550
MgO Sasaki et al., 1979 [37] 9863
Anhydrite Hawthorne&Ferguson, 1975 [38] 40043
Anorthite Foit et al., 1973 [39] 22022
Platinum Barth et al., 1926 [40] 64917
Aphitalite Okada et al., 1980 [41] 26018
Arcanite Ojima et al., 1995 [42] 79777
Ca-langbenite Speer&Salje, 1986 [43] 40989
Table 2. Structural models of phases used for the Rietveld analyses of clinkers from in situ and ex-situ data. 
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SOLID STATE REACTION REGION LIQUID PHASE REACTION REGION
Step I (1200-1400 K) Step II (1450 K) Step III (1450-1700 K)
C2S mx (1200-1400 K) wt% at 1400 K wt% at 1450 K mx (1450-1700K) wt% at 1700 K
Mix_00 0.02 52.4(2) 39.9(2) -0.26 0.6(2)
Mix_MN 0.06 51.7(2) 54.9(2) -0.31 2.4(2)
Mix_NS 0.08 56.9(2) 57.3(1) -0.37 1.2(2)
Mix_MS 0.05 50.4(2) 56.8(2) -0.29 3.7(2)
C mx (1200-1400 K) wt% at 1400 K wt% at 1450 K mx (1450-1700K) wt% at 1700 K
Mix_00 - 0.03 30.1(1) 18.5(3) -0.11 -
Mix_MN -0.05 33.5(2) 25.9(2) -0.26 -
Mix_NS -0.09 26.1(2) 19.8(2) -0.09 6.7(2)
Mix_MS -0.06 30.9(2) 23.3(2) -0.15 -
C3S wt% at 1450 K mx (1450-1700K) wt% at 1700 K
Mix_00 25.7(2) 0.39 84.1(2)
Mix_MN 2.2(1) 0.50 85.9(2)
Mix_NS 7.4(1) 0.46 76.3(2)
Mix_MS 9.3(2) 0.48 80.9(2)
Table 3. Growth rates of the main clinker phases, expressed by the slope of the trend line between their weights percentage 
values obtained by Rietveld refinement as a function of temperature (in situ HT-XRPD results) 
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Phase Mix_00 Mix_MN Mix_NS Mix_MS
C3S-M1 26.2(2) 19.0(2) 48.9(2) 41.8(2)
C3S-M3 40.1(2) 52.2(2) 14.4(2) 22.5(2)
C3S-Total 66.3(2) 71.2 63.3(2) 64.3(2)
β-C2S 0.9(2) 0.4(2) 10.2(2) 12.9(2)
α’H-C2S 13.3(2) 5.7(2) 10.0(2) 4.6(2)
C2S-Total 14.2(2) 6.1(2) 20.2(2) 17.5(2)
C3A cubic 3.2(2) 1.7(2) 7.9(2) 3.6(2)
C3A orthorhombic 6.6(2) 10.9(2) 0.2(2) -
C3A-Total 9.8(2) 12.6(2) 8.1(2) 3.6(2)
C4AF 6.9(2) 5.9(2) 6.8(2) 12.2(2)
CaO 1.6(2) 1.4(2)  1  1
Ca(OH)2  1  1  1  1
MgO  1 1.8(2)  1  1
arcanite -  1  1 -
aphthitalite - -  1  1
Table 4. Ex-situ Rietveld quantitative phase analysis (wt%) of the main clinker phases after heating in a laboratory furnace 
at 1700 K for 45 min (ex situ XRPD results).
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Clinker 
Phase
Chemical composition (wt%)
C3S SiO2 Al2O3 FeO CaO MgO SO3 Na2O K2O TiO2 Cr2O3 MnO SrO Total
Clinker_00 24.4(5) 1.0(2) 0.7(1) 71.8(2) 0.69(7) 0.02(1) 0.09(3) 0.08(3) 0.18(3) 0.02(3) 0.09(3) 0.16(5) 99.24
Clinker_MN 25.3(3) 0.8(1) 0.5(1) 71.2(2) 1.20(1) 0.02(1) 0.20(3) 0.08(2) 0.16(5) 0.01(2) 0.08(4) 0.1(1) 99.77
Clinker_NS 24.5(3) 1.2(2) 0.6(1) 71.8(3) 0.71(5) 0.21(3) 0.08(2) 0.01(1) 0.18(4) 0.02(2) 0.07(3) 0.09(7) 99.44
Clinker_MS 24.3(3) 1.3(2) 0.6(1) 71.2(2) 1.28(7) 0.29(5) 0.03(2) 0.01(1) 0.18(6) 0.01(2) 0.0783) 0.09(7) 99.32
C2S SiO2 Al2O3 FeO CaO MgO SO3 Na2O K2O TiO2 Cr2O3 MnO SrO Total
Clinker_00 30.7(2) 1.65(9) 1.1(1) 63.0(3) 0.31(4) 0.19(3) 0.24(5) 0.88(3) 0.30(1) 0.01(1) 0.09(2) 0.20(1) 98.77
Clinker_MN 31.8(4) 1.40(1) 1.10(1) 62.1(5) 0.51(5) 0.15(4) 0.69(9) 0.84(5) 0.21(1) 0.01(3) 0.11(3) 0.31(1) 99.35
Clinker_NS 29.9(8) 2.01(2) 1.10(2) 63.2(3) 0.30(8) 1.40(2) 0.49(6) 0.17(2) 0.27(6) 0.01(2) 0.09(3) 0.22(1) 99.17
Clinker_MS 30.1(3) 2.11(1) 1.02(7) 63.1(5) 0.29(8) 0.54(8) 0.24(9) 0.44(4) 0.26(7) 0.02(2) 0.09(3) 0.32(2) 97.40
C3A SiO2 Al2O3 FeO CaO MgO SO3 Na2O K2O TiO2 Cr2O3 MnO SrO Total
Clinker_00 4.11(1) 24.6(3) 12.0(6) 53.3(7) 1.79(9) 0.02(2) 0.7(1) 0.7(2) 0.72(6) 0.02(2) 0.53(5) 0.20(1) 98.73
Clinker_MN 5.40(8) 23.3(9) 11.7(7) 51.1(4) 2.70(4) 0.01(1) 2.00(1) 1.00(2) 0.80(1) 0.01(2) 0.60(1) 0.24(7) 98.79
Clinker_NS 4.51(2) 23.5(9) 13.3(1) 52.9(4) 2.23(8) 0.13(2) 0.32(3) 0.04(3) 0.72(3) 0.02(1) 0.60(3) 0.19(7) 98.20
Clinker_MS 4.42(4) 24.9(3) 11.8(3) 53.0(1) 3.00(1) 0.29(4) 0.07(2) 0.03(2) 0.6(2) 0.02(3) 04(1) 0.20(8) 98.95
Table 5. Chemical composition of the main clinker phases (wt.%); standard deviation in parentheses.
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Clinker phase Correlation Coefficient*
Alite (n = 100)
Mg, Ca - 0.62
Al, Si - 0.75
Si, Fe + 0.35
Belite (n=100)
Al, Si -0.74
Al, Fe +0.58
Si, S -0.68
Table 6. Correlation Coefficients between concentrations of oxides in the clinker phases. * The Correlation Coefficient 
is strongly significant if  > 0.5, n is the sampling.








